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ABSTRACT In kidney epithelial cells, arachidonic acid
and other fatty acids are important signal transduction
molecules for G protein-coupled receptors. We now demon-
strate that arachidonic acid induced a time- and dose-
dependent activation of JNK, a member of the mitogen-
activated protein kinase family, as assessed by phosphoryla-
tion of the transcription factor ATF-2. Increments in JNK
activity were detectable at 5 uM arachidonic acid and pla-
teaued at 30 uM. Activation was specific to arachidonic acid
and linoleic acid, since other fatty acids of then — 3 and n —
6 series and/or various degrees of saturation were without
effect. Specific inhibitors of cyclooxygenase-, lipoxygenase-,
and cytochrome P450-dependent metabolism did not affect
arachidonic acid-induced JNK activity. We further demon-
strated that the free radical scavenger N-acetylcysteine
blocked arachidonic acid-induced JNK activation, while H,O,,
a reactive oxidative molecule, activated JNK in a dose-
dependent manner, providing additional support for a redox
mechanism. Moreover, arachidonic acid activated NADPH
oxidase (EC 1.6.-.-, EC 1.6.99.-) in a dose-dependent manner,
and the potency of superoxide generation paralleled that of
JNK activation by other fatty acids. We conclude that in
kidney epithelial cells arachidonic acid activates JNK by
means of NADPH oxidase and superoxide generation, inde-
pendent of eicosanoid biosynthesis.

Arachidonic acid, an important lipid messenger, is generated
in response to a variety of stimuli, including vasoactive agonists
linked to G protein-coupled receptors, inflammatory agents,
and cytokines (1-3). Arachidonic acid modulates growth (4, 5),
and recent evidence suggests the involvement of the super-
family of mitogen-activated protein kinases (MAPKs) in arachi-
donic acid-induced growth, since pd2MAPK and p44MAPK
(ERK) were reported to be activated following stimulation (6,
7). This cascade is currently considered to involve the activa-
tion of ras, raf-1, and MEK, leading to MAPK (8). The
upstream pathway linked to arachidonic acid has not been
precisely defined in kidney epithelium, but appears to require
Ca?* mobilization (N. Dulin and J.G.D., unpublished data). A
second subgroup of the MAPK superfamily, c-jun N-terminal
kinase (JNK), is activated by oncoproteins, stress (e.g., ultra-
violet exposure, osmolarity burden, heat shock, and radiation)
and proinflammatory cytokines (e.g., tumor necrosis factor
and interleukin 1) (9-14). Following activation, JNK phos-
phorylates transcription factors c-jun, elk-1, and activating
factor 2 (ATF-2) (15-22). JNK modulates T cell function (23),
hepatic regeneration (24), mitogenesis linked to G protein-
coupled receptors (25-28), and programmed cell death—i.e.,
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apoptosis (18, 29-31). It was recently demonstrated that JNK
activation involves the rho subgroup of ras-like GTPases, includ-
ing rac and cdc42 (32-35). In phagocytes arachidonic acid trans-
locates rac from cytosol to membrane and activates NADPH
oxidase (EC 1.6.-.-, EC 1.6.99-), thus, making arachidonic acid a
potential regulator of the JNK pathway (36—40).

In rabbit kidney proximal tubular epithelial cells, arachi-
donic acid is released rapidly by angiotensin II after activation
of a membrane-associated phospholipase A, (PLA;) (refs. 41
and 42 and S. Harwalkar, and J.G.D., unpublished data).
Because of the importance of arachidonic acid in epithelial cell
signaling, we evaluated the potential for its involvement in JNK
activation by assessing the phosphorylation of the transcription
factor ATF-2. We demonstrated that arachidonic acid and
linoleic acid activate JNK specifically, while other fatty acids
from n — 3 and n — 6 series and/or various degrees of
saturation were ineffective. The mechanism appears to involve
superoxide generation after activation of NADPH oxidase,
and it is independent of downstream eicosanoid biosynthesis.

METHODS

Materials. Arachidonic acid (tissue culture grade), N-
acetylcysteine, purified rabbit IgG, anti-rabbit IgG agarose
beads, and luciginin were purchased from Sigma. Collagenase
I, soybean trypsin inhibitor, cell culture medium, and additives
were from GIBCO/BRL. Bovine serum albumin (fatty acid-
free) was purchased from Boehringer Mannheim. Linoleic
acid, eicosa-(11Z,14Z)-dienoic acid, eicosa-(11Z,14Z,17Z)-
trienoic acid, stearic acid, indomethacin, cinnamyl-3,4-
dihydroxy-a-cyanocinnamate, and ketoconazole were ob-
tained from Biomol (Plymouth Meeting, PA). [y-?P]ATP was
from DuPont/NEN. Rabbit anti-JNK1(FL) polyclonal anti-
body, which cross-reacts with all three isoforms of JNK, and
recombinant ATF-2 were purchased from Santa Cruz Bio-
technology.

Cell Culture. Primary culture of rabbit proximal tubular
epithelial cells were prepared as previous described (43). They
were maintained in modified DMEM/F12 (1:1) media sup-
plemented with 5% fetal calf serum, 5 ug/ml insulin, 5 pug/ml
transferrin, 0.5 uM hydrocortisone, 350 pg/ml L-glutamine,
100 units/ml penicillin, and 100 ug/ml streptomycin. The cells
were passaged once into 100-mm Petri dishes and were em-
ployed as subconfluent monolayers.

Measurement of Superoxide Anion Production in Intact
Cells. O3 production was determined according to a published
method with some modifications (44). Cells were washed twice
with Hanks balanced salt solution containing no calcium and
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magnesium. They were harvested by incubating with 2 ml of the
same buffer containing 2 mg/ml collagenase I, 2 mg/ml
soybean trypsin inhibitor, and 4 mg/ml BSA and were pelleted
by centrifugation at 200 X g for 5 min at 4°C. After the pellet
had been resuspended in assay buffer containing 130 mM
NaCl, 5 mM KCI, 1 mM MgCl,, 1.5 mM CaCl,, 35 mM
phosphoric acid, and 20 mM Hepes (pH 7.4), the cells were
counted and centrifuged again at 200 X g for 5 min at 4°C. They
were resuspended in the same buffer and stored on ice until
use. The measurement of superoxide generation was carried
out in the darkroom with a Lumat LB 9501 luminometer. To
start the assay, dark-adapted luciginin (final concentration 250
wM) was added to 1 X 10° cells followed by fatty acid (vehicle:
ethanol) in a total volume of 1 ml of assay buffer. Photo
emission in terms of relative light units (RLU) was measured
every minute for 10 min. The standard curve for superoxide
generation was checked with the xanthine/xanthine oxidase
system as described previously (45).

NADPH Oxidase Assay. Cells were washed twice in ice-cold
Dulbecco’s phosphate-buffered saline and were scraped from
the plate in the same solution followed by centrifugation at
750 X g, 4°C, for 10 min. The pellet was resuspended in buffer
containing 20 mM KH,POy4, 1 mM EGTA, 10 ug/ml aprotinin,
25 pg/ml leupeptin, and 1 mM phenylmethanesulfonyl fluo-
ride. The cell suspension was homogenized with 50 strokes in
a Dounce homogenizer on ice, and aliquots of the homogenate
were used immediately. To start the assay, 100 ul of homog-
enate was added into 900 ul of 50 mM phosphate buffer, pH
7.0, containing 1 mM EGTA, 150 mM sucrose, 500 uM
luciginin, and 100 uM NADPH, in the presence or absence of
arachidonic acid or superoxide dismutase (SOD; 50 units)
(44). Photoemission in terms of RLU was measured every
minute for 15 min. There was a slight increase of photoemis-
sion in controls without fatty acids with NADPH as substrate.
This effect was not the result of the presence of trace amount
of ethanol because the same increase was seen in the absence
of ethanol; it may due to the presence of activators in the cell
lysate when NADPH was available. Protein content was nor-
malized by BCA assay (Pierce) according to manufacturer’s
instructions.

Immunoprecipitation and Immune Complex Kinase Assays
of JNK. Rabbit proximal tubular epithelial cells were serum
starved in media prior to treatment. Preliminary studies
showed JNK activation induced by arachidonic acid was similar
when cells were serum starved for 2 to 24 hr. The kinase assay
was carried out according to a previously published method
with slight modifications (20, 21). In brief, following treat-
ments indicated in figure legends, cells were washed twice with
ice-cold Dulbecco’s phosphate-buffered saline and lysed by
adding 0.3 ml of buffer containing 50 mM Tris-HCI (pH 7.2),
1% (wt/wt) Triton X-100, 1 mM Naz;VO,4, 1 mM EGTA, 0.2
mM phenylmethanesulfonyl fluoride, 25 ug/ml leupeptin, and
10 wg/ml aprotinin. Protein contents were determined by BCA
assay. Cell lysates containing 200 wg of protein in a total
volume of 800 ul were precleared with 1 ug of nonimmune
rabbit IgG and 30 ul of goat anti-rabbit IgG agarose beads on
a rotating plate for 1.5 hr at 4°C. After centrifugation at
10,000 X g for 10 min, the supernatant was mixed with 1 ug of
anti-JNK1(FL) polyclonal antibody and 25 ul of goat anti-
rabbit IgG agarose beads on a rotating plate overnight at 4°C.
The beads should bind all three isoforms of JNK, since the
antibody is cross-reactive. They were pelleted by centrifugation
at 10,000 X g for 5 min and were washed two times with the
lysis buffer, one time with the kinase assay buffer containing
20 mM Hepes (pH 7.6), 20 mM MgCl,, 25 mM B-glycerol
phosphate, 0.1 mM Na3VO,, and 2 mM dithiothreitol. The
kinase assay was carried out at 30°C for 15 min in 30 ul of assay
buffer containing 0.5 ug of ATF-2, 20 uM ATP, and 2 pCi (1
wCi = 37 kBq) of [y-3?P]ATP. The reaction was terminated by
addition of Laemmli’s sample buffer followed by boiling for 5
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min. The samples were resolved by SDS/10% polyacrylamide
gel electrophoresis (SDS-PAGE), stained with Coomassie
brilliant blue, and exhaustively destained. The gel was dried
and the incorporation of 3P was visualized by autoradiogra-
phy. Gel slices of the 69-kDa ATF-2 bands were also cut out
in most of the experiments, and the radioactivity was measured
by liquid scintillation counting.

Statistics. 3?P incorporation into the substrate ATF-2 was
analyzed as paired data between control and fatty acid-
stimulated groups by the Wilcoxon signed rank test. Signifi-
cance was determined as probability (P) less than 0.05.

RESULTS

Effects of Arachidonic Acid and Other Fatty Acids on JNK
Activation. As shown in Fig. 14, exposure of cells to 30 uM
arachidonic acid activated JNK in a time-dependent manner as
assayed by monitoring 3?P incorporation into ATF-2. JNK
activation was evident at 5 min (155% of control, n = 2) and
peaked at 15 min (209% of control, n = 8). At 60 min, JNK
activity returned to the basal level. JNK activation by arachi-
donic acid was also dose-dependent in that an increment in
ATF-2 phosphorylation was observed at 5 uM arachidonic
acid and maximal at 30 uM (Fig. 1B). It has been reported that
polyunsaturated fatty acids of the n — 3 and n — 6 series, in
addition to arachidonic acid, activate signaling, including
calcium mobilization, protein kinase C, and ERK (6). To
determine whether JNK activation is unique to arachidonic
acid, we compared various fatty acids at 30 uM and observed
that arachidonic acid was the most potent stimulator of JNK
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Fic. 1. Time (4) and dose (B) -dependent activation of JNK by
arachidonic acid. The figure represents two similar experiments. (A4)
Cells were exposed to 30 uM arachidonic acid (AA) for the time
indicated on the top of the gel or 160 J/cm? ultraviolet (UV) for 30
minutes. Cell lysates were immunoprecipitated with anti-JNK1 poly-
clonal antibody and the in vitro kinase assay was carried out. Equal
protein loading was confirmed by staining the SDS/10% polyacryl-
amide gel with Coomassie brilliant blue before drying and exposure to
Kodak X-Omat AR film. The 3?P-phosphorylated substrate ATF-2 is
indicated on the autoradiograph with an arrow. (B) Cells were treated
with various concentrations of arachidonic acid (5-60 uM) for 15 min
and assayed for JNK activity as described above.
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FiG. 2. Fatty acid specificity. Cells were exposed for 15 min to 30
uM arachidonic acid (AA), eicosa-(11Z,14Z)-dienoic acid (EDA),
linoleic acid (LA), eicosa-(11Z,14Z,17Z)-trienoic acid (ETA), and
stearic acid (SA), respectively. Data show the percentage of 3P
incorporation. *, P < 0.05.

activity (209% of control, n = 8, P < 0.05) (Fig. 2). Linoleic
acid, a precursor of arachidonic acid, also activated JNK, but
was less potent (150% of control, n = 4). Eicosa-(11Z,141Z)-
dienoic acid (n = 4), eicosa-(11Z,14Z,17Z)-trienoic acid (n =
3), and stearic acid (n = 3), a saturated fatty acid, had no
significant effect. These observations demonstrate that JNK
activation is specific to arachidonic acid and linoleic acid.
Arachidonic Acid Metabolism Is Not Necessary for JNK
activation. In most mammalian cells, arachidonic acid is
oxidized through the cyclooxygenase, lipoxygenase, and/or
cytochrome P450 pathways to yield eicosanoids that mediate
biological effects. In rabbit proximal tubular epithelial cells the
predominant pathway of arachidonic acid metabolism is
through the cytochrome P450 pathway, while cyclooxygenase
and lipoxygenase activities are minimal (46). To evaluate the
contributions of these metabolic pathways, cells were treated
with the cyclooxygenase inhibitor indomethacin, the lipoxy-
genase inhibitor cinnamyl-3,4-dihydroxy-a-cyanocinnamate,
or the cytochrome P450 inhibitor ketoconazole for 30 min,
followed by stimulation with 30 uM arachidonic acid. None of
the inhibitors significantly influenced arachidonic acid-
induced JNK activity, at doses known to abrogate eicosanoid
biosynthesis in mammalian cells, including epithelial cells
(47-49) (Table 1). Ketoconazole (100 uM) was ineffective at
blocking JNK, despite the fact that p42 and p44 MAPK
activation (N. Dulin and J.G.D., unpublished data) as well as
calcium mobilization were abolished with this concentration
(43). Thus, we concluded that arachidonic acid-induced JNK
activation did not require subsequent eicosanoid biosynthesis.
Arachidonic Acid Activates JNK Through a Redox-Related
Mechanism. Protein kinases, especially protein kinase C
(PKC), have been implicated in arachidonic acid-induced
signaling in mammalian cells (50). Therefore, we assessed the
effect of PKC inhibitors on arachidonic acid-induced JNK
activation. Neither staurosporine at 0.15 uM (51), a concen-
tration known to inhibit angiotensin II- and phorbol 12-
tetradecanoate 13-acetate-induced MAPK (ERKI1, ERK2)
activation in these cells, nor other PKC inhibitors such as
GF10923X (0.5 uM), H7 (75 puM), and HA1004 (75 uM)
blocked arachidonic acid’s effect on JNK (data not shown).
Since it has been demonstrated that arachidonic acid and
angiotensin II activate membrane-associated NADPH oxidase
to generate superoxide anion, independent of PKC, in phago-
cytes (36, 40) and smooth muscle cells (44), we assessed
whether arachidonic acid activation of JNK was mediated by
NADPH oxidase. Employing a crude cell lysate, we demon-
strated maximal superoxide anion generation at 7 min with 15
1M arachidonic acid. Thirty micromolar or higher concentra-
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Table 1. Effects of metabolic pathway inhibitors on arachidonic
acid-induced JNK activation

JNK activity,
Inhibitor* % of AAT n

Cyclooxygenase inhibitor

Indomethacin (20 uM) 101 £ 19 3
Lipoxygenase inhibitor

CDC (16 uM) 98-126 2
Cytochrome P450 inhibitor

Ketoconazole (20 uM) 118-149 2

*Quiescent rabbit tubular epithelial cells were preincubated with
inhibitors for 30 min before exposure to 30 uM arachidonic acid.
CDC, cinnamyl-3,4-dihydroxy-a-cyanocinnamate.

TResults are shown as mean = SD where n = 3 or as range where n =
2 of the percentage of 32P incorporation, with arachidonic acid (AA)
as 100%.

tions were less effective (Fig. 34 and data not shown). In
addition, superoxide dismutase abrogated arachidonic acid-
induced photoemission, thereby confirming its identity. We
also observed that arachidonic acid induced rapid dose-
dependent superoxide generation in intact cells, which peaked
at 6 min. A 6- to 9-fold increase of superoxide generation by
30 uM arachidonic acid and 36-fold increase by up to 150 uM
arachidonic acid were observed (Fig. 3B). Most importantly,
the potency of superoxide anion generation paralleled activa-
tion of JNK by fatty acids. Arachidonic acid was the most
potent, followed by linoleic acid, while other fatty acids were
of negligible potency (Fig. 3C and data not shown). In addition,
we observed that arachidonic acid’s effect on JNK activation
was blocked by the antioxidant N-acetylcysteine. As N-
acetylcysteine is an acidic compound, we had applied it in two
ways. Without adjusting pH of the medium (as probably most
researchers do), we consistently observed 100% inhibition,
while basal JNK activity was not influenced by N-acetylcys-
teine alone. When the medium pH was adjusted to neutral,
N-acetylcysteine blocked at least 66% of arachidonic acid-
induced JNK activation (Fig. 3D). Despite the fact that 20 mM
N-acetylcysteine is the most common dosage used, we found
that 10 mM was partially effective (up to 74% inhibition).
Moreover, H,O, activated JNK in a dose-dependent manner
(Fig. 3E), providing additional support for the involvement of
a redox mechanism of activation.

DISCUSSION

These observations demonstrate that arachidonic acid and
linoleic acid activate JNK independent of eicosanoid metab-
olism. The underlying mechanism appears to involve super-
oxide anion generation following activation of NADPH oxi-
dase. Support for this hypothesis is provided by the following
observations: (i) the pattern of superoxide generation paral-
leled the pattern of JNK activation by various fatty acids; (i)
N-acetylcysteine, an antioxidant, blocked arachidonic acid-
induced JNK activation; and (iii) H,O, mimicked the ability of
arachidonic acid to activate JNK. There is a general agreement
that oxidative stress influences mammalian cell proliferation.
Early response genes, such as c-jun and c-fos, are induced by
exposure of cells to oxidative agents through AP-1 and/or
NF-«B activation (52-55). Recent studies support p21™ as a
common signaling target of reactive free radicals (56). How-
ever, the involvement of free radicals in JNK induction appears
to be quite cell-specific, since H>O, is either ineffective in NIH
3T3 cells (57) or inhibitory to heat shock-induced JNK activity
in 3T3-4A cells (12). Our data provide a cellular mechanism
for the recent observations of Pombo et al. (58) demonstrating
renal JNK activation by oxidative stress after ischemia and
reperfusion.
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FiG. 3. Involvement of oxidative stress. (4) NADPH oxidase activity. Crude cell lysates were incubated with luciginin (500 uM) and NADPH
(100 uM) in the presence or absence of arachidonic acid (5-30 uM) or superoxide dismutase (SOD, 50 units). Superoxide generation was
determined by photoemission (RLU) every 1 min. (B) Arachidonic acid-induced superoxide generation in intact cells. The cells (1 X 10°) were
incubated with various concentrations of arachidonic acid. Superoxide generation was determined by photoemission (RLU) every 1 min. (C)
Specificity of fatty acids in superoxide generation. Cells (1 X 10°) were incubated with 240 uM arachidonic acid (AA), linoleic acid (LA), or
eicosa-(11Z,14Z)-dienoic acid (EDA). Superoxide generation was determined by photoemission (RLU) every 1 min. (D) Effects of antioxidant
on arachidonic acid-induced JNK activation. Cells were pretreated with 20 mM N-acetylcysteine (NAC) for 30 min followed by 30 uM arachidonic
acid for 15 min. Cell lysates were immunoprecipitated with anti-JNK1 polyclonal antibody and the in vitro kinase assay was carried out. (E) Effects
of hydrogen peroxide on JNK activation. Cells were exposed to 0.5 mM, 1 mM, 5 mM, or 8 mM hydrogen peroxide (H>O>) for 10 min. Cell lysates
were immunoprecipitated with anti-JNK1 polyclonal antibody and the in vitro kinase assay was carried out. Every panel of the figure is a

representative of at least two similar experiments.

NADPH oxidase has been intensively studied in phagocytes,
while little is known about its role in other cell types, including
kidney epithelial cells. Activation of this enzyme requires the
coordinative assembly of four structural proteins: a mem-
brane-bound flavocytochrome bssg and three cytosolic pro-
teins p47Phox p67Phox and rac, a GTP-binding regulatory
protein (59). Of these proteins, rac is the only one that has been
implicated independently in JNK activation (32-35) and in
arachidonic acid signaling (5, 27). During basal conditions, rac
is maintained in an inactive form associated with its inhibitory
protein Rho-GDI. After activation, the complex dissociates
and rac translocates to the plasma membrane, serving as one
of the components in NADPH oxidase activation (38). On the
other hand, arachidonic acid has been shown to be the
immediate activator of the membrane NADPH oxidase in
phagocytes (36, 40). In a cell-free system arachidonic acid
translocated rac from the cytosol to the membrane, and this
was potentiated by y-thio-GTP (39). However, the sequence
that links arachidonic acid, rac, NADPH oxidase, and the
upstream G protein-coupled receptors needs to be further
defined. For example, Bos and co-workers (5) concluded that
epidermal growth factor (EGF)-induced arachidonic acid re-
lease and leukotriene production were mediated by rac in
fibroblasts, since a dominant-negative mutant of rac blocked
EGPF’s effects. Employing a crude cell lysate, we observed the
arachidonic acid-induced activation of NADPH oxidase. The
maximum effect was reached at 15 uM arachidonic acid, lower
than that noticed with intact cells. This difference in potency

may relate to better access of arachidonic acid to critical
enzymes in homogenates in contrast to intact cells. Our data
strongly suggest that arachidonic acid activates JNK through
NADPH oxidase. However, the importance of rac in NADPH
oxidase activation and other aspects of signaling in epithelial
cells remains unknown at this point.

Previous work from our laboratory demonstrated that an-
giotensin II releases arachidonic acid through activating a
membrane-associated PLA,, leading to the activation of the
ERK group of MAPK in proximal tubular epithelium. Ara-
chidonic acid-induced ERK activation is rapid, calcium de-
pendent, and PKC independent, and requires further metab-
olism of arachidonic acid through the lipoxygenase and the
cytochrome P450 pathways (N. Dulin and J.G.D., unpublished
data). An alternative model has been proposed in CHO cells,
whereby cytosolic PLA; is phosphorylated and activated after
receptor-mediated signaling and phosphorylation of ERK (60)
(see cellular model, Fig. 4). JNK has also been observed to be
activated by G protein-coupled receptors (24-26, 61). How-
ever, we demonstrated that arachidonic acid-induced JNK
activation is slower than ERK phosphorylation, and is inde-
pendent of both PKC and eicosanoids. Our unpublished data
also indicate a calcium-independent mechanism. These obser-
vations support the hypothesis that JNKs and ERKSs are
regulated independently in kidney epithelial cells. In fibro-
blasts, Bokemeyer ef al. (62) provided a mechanism of inter-
action through induction of MKP-1, a phosphatase that spe-
cifically dephosphorylates ERK, by JNK. Thus, we propose a
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Fi1G. 4. Schematic model of arachidonic acid (AA)-mediated
MAPK activation in rabbit proximal tubule epithelial cells. The
elements linked by bold arrows were employed in our experiments,
while the rest were indicated by work done in this laboratory and
described in the literature. NAC, N-acetyl cysteine; SOD, superoxide
dismutase; cPLA,, cytosolic PLA3; GPCR, G protein-coupled recep-
tor; G-pr, G protein.

signal pathway wherein arachidonic acid has independent
effects on ERK and JNK after activation of a G protein-
coupled receptors. However, further investigation is warranted
to gain a better understanding of the detailed interactions of
these two kinase cascades in epithelial cells.

In summary, we demonstrate that arachidonic acid induces
JNK activation in rabbit proximal tubular epithelial cells
through a redox mechanism rather than through classical
eicosanoid biosynthesis. We conclude that NADPH oxidase is
responsible, at least in part, for arachidonic acid-induced
superoxide generation and JNK activation.
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